IN previous memoirs of this series we have studied the course of mortality in our herds of mice principally in two ways. We have used as the abscissa either secular time or individual time. The former method, that of the ordinary chronology of epidemics, measures contemporaneous events, tells us what did really happen in a community within particular identifiable calendar weeks. The latter method does not give the history of a community of really existing contemporaries, for it brings together happenings which may belong to widely separated intervals of calendar time, but occurred at the same point in the lifetime of all individuals represented. This second method, that of the life table, cannot therefore throw light upon the effect of changes of environment within a community during the period which furnishes the data. We have, let us suppose, the individual records of all mice which entered a herd during a period of a year and we evaluate by the life-table method the rate of mortality experienced during the first three months of life within the community. Then the rate of mortality after, say, 30 days' exposure will be based upon all who entered before the last 30 days of the year and will bring into the same category mice who entered the community at 11 months apart. But, as we know that the secular rate of mortality waxes and wanes, this means that we throw into the same group animals really exposed to quite different "real" risks of dying. In fact what we are doing is to substitute for a variable risk a fictitious average risk. By paying this price, however, we can obtain materials for studying an aspect of exposure not obtainable in a more satisfactory shape because the individual groups of entrants upon each day are too small to permit of separate tabulation in life-table form. That has, of course, been the justification of the life-table method in human epidemiological practice. One constructs a life table from the experience of, say, 1920-2 and another from the experience of 1923-5 and makes comparison of the results, ignoring the facts that the risk of dying at each age has varied, or may have varied, within each triennium as well as from triennium to triennium. In this memoir we shall try to deduce the lessons taught by such life-table experience.
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Since our last publication*, material for the construction of other life tables than those already reported upon has accumulated and we now have available for use the following:
(1) Herds in which Pasteurellosis was the principal or only infection and the immigrants numbered 1, 2, 3 and 6 daily. These (all published before) may be called P lt P 2 , P 3 and P 6 . (3) In addition we have tables based upon communities recruited respectively by 3 healthy quarantined animals (the infection was due to Pasteurella) or by 3 animals from another infected cage. These are distinguished as P m and P 3I . A general summary of the fundamental data and statistical averages is given in Table I , and some further particulars in Table I A. These tables will orientate the reader as to the scale and (to some extent) reliability of the data; he will, comparing the two largest and comparable series, viz. P 3 and B 3 , also conclude that epidemiologically Bad. aertrycke is less formidable than Pasteurella.
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For the sake of completeness P 3] has been included in this table but an analysis of the experiment shows that the table is incomparable with the others. When the data are divided in accordance with the length of previous exposure to infection, it appears that the high general death rate is really due to the transfer of mice which have been long enough exposed to infection in another cage to be sick to die but not long enough actually to die. The average daily specific death rate of mice which had passed from 9 to 15 days in the testing cage was in the observational cage 0-0595; of those in the testing cage 15 to 25 days 0-0587; but of those who had been 26 or more days in the testing cage only 0-0234. Omitting the experiment from further consideration in this paper, we notice that the new Pasteurella experiment P 3N falls rather better into line with the old series than did the original P 3 , if we take it that the average rate of mortality should increase with the number of daily immigrants, although even so the rate is insignificantly less than in P 2 . In the Bad. aertrycke series the rate of mortality with 3 daily additions exceeds that with 6 which itself is less than when a single daily immigrant entered. One cannot say that these results warrant a belief that there is any high positive correlation between average rate of mortality and rate of immigration, although study of the secular changes has suggested that such a correlation exists.
Whichever characteristic of a life table is taken for study, whether q x or d x , one finds that the course of mortality with age, that is cage age, in these herds is fundamentally unlike the course of mortality with age under normal conditions. In our 1925 paper we contrasted the herd tables with a table of human mortality and in 1928 one of us* showed that the contrast was as striking when comparison was made with a mortality table for mice brought up under less dangerous conditions. The data for normal mice were certainly scantytoo scanty perhaps to make it probable that normal mice and normal men died in different ways-but quite sufficient to prove that these epidemic phenomena are sui generis. Here we may refer to a quite just criticism which has been passed upon our work, viz. that it is straining terminology to speak of life tables when neither the ages nor the genetic histories of our animals under experiment are known, when we do not even distinguish between the sexes.
That criticism was expressed vigorously in the first paper of the series by ourselves and we have never underrated its importance. We wish we could use only animals the precise ages and histories of which were known to us, we hope in time to be able to do so. But we cannot refrain from saying that what we have learned of the normal mortality of mice, scanty as it is, does convince us that, for the immediate purposes of our studies, the heterogeneity of the material is of very little importance. It is, we believe, certain that the weight of the age factor in the rate of mortality is so trifling in comparison with that of other factors that it can fairly be disregarded. It is possible to form some idea of the age distribution of mice admitted to the cages by means of the following data. The weight distribution of mice received by us from the dealers is accurately known. That of a representative sample is shown in Table II . 1  7  79  33  310  422  642  381  250  154  48  24  15  9 Total 2375 16081 grm.
1-893 grm.
We also know approximately (from the work of Robertson and Ray)* the means and standard deviations of weights of mice at different ages. It also appears from the work of one of us that, under favourable conditions, the mortality of mice in the first three or four months of life is very small. If therefore we suppose that the dealers select mice from their standing stock by the conditions imposed by us, viz. that we only accept mice from 14 to 22 grm. in weight, and further suppose that the distribution of weights around the mean weight of each age group is effectively given by a normal curve of error, one can compute from the data the probable age composition of the received sample. Such a calculation leads to the conclusion that of the mice received by us 63 per cent, fall within the limits of 4 and 10 weeks of age, 73-7 per cent, within the limits 4-12, 81-2 per cent, within the limits 4-14. This is the probable age distribution of the mice as received. On receipt they are quarantined 3 weeks and the actual entrants to the herds will therefore be on the average 3 weeks older and will also have suffered a further selection by the application of the rules as to suspected infection detailed in 244 Herd Mortality our previous paper. We have weighings of 1283 mice at the time of entrance to the herds and, as was to be expected, the mean weight is 2-5-3-5 grm. more than the mean at arrival from the dealers, while the coefficient of variation is slightly reduced. We seem, therefore, entitled to conclude that, on entrance to the herds, the age distribution of the mice at reception is still applicable, the ages being, of course, advanced 3 weeks. In other words, we may say that about 80 per cent, of the entrants are from 7 to 15 weeks old. This is a range of life for which normal mortality is very small. We are naturally aware that the basis of this computation is precarious; but we are only concerned with the order of magnitude of the result and do not believe that a more refined analysis would substantially modify the broad conclusion indicated.
For the purpose of studying mortality conditions in the front line trenches during a war, it might be useful to set out the exposed to risk in life-table form and to determine the series of g^'s when the unit of x is day of exposure at the front. For such a purpose to ignore differences of age of men drafted to the front, to treat men aged 20, 30 or 40 years as differentiated only in respect of "trench age" would be legitimate. That is the justification of our procedure. But that it is only justified by the abnormality of the conditions of life of our herds we freely admit and, as a corollary of that admission, we agree that if and when we succeed in interpreting these results we shall still be far from a knowledge of the epidemiology of this race and these infections under more natural conditions. But the characteristics of these mortality tables* are surely functions of the epidemic development so that it is of epidemiological importance to be able to explain them. Roughly the salient features are these. After a more or less rapid rise to a maximum, q x decreases and tends to approximate to a constant value. All the curves show fluctuations but the evidence points to the conclusion that these fluctuations are due to random error and that, under conditions of environment such as ours, a population ultimately dies out logarithmically. In terms whether of selection or of immunisation (or both) it seems that the final state of equilibrium is of a steady average of liability. By this method of exposure we cannot secure an ultimate resistant population. The surviving "fittest" are not effectively immune and do not improve above a not very high level. There is also evidence that the environmental conditionsê ntrance are of more importance than those experienced subsequently. That this is so we shall now show to be probable. The subjects of Life Table B o were under observation a whole year during which only Bad. aertrycke infection was present and the 6 daily entrants were exposed to varying secular risks. Some lived their lives out when mortality was high, some when it was low. To test the effects of the environment, so far at least as a general mortality rate measures environment, the following expedient was adopted. Each batch of 6 formed a unit and the average length of cage life of the batch could be * In the Mortality Tables III to VI A, in order to reduce the heavy expense of printing, the tabular entries for cage ages greater than 50 have only been given at wider intervals. Complete tables can be sent to any workers interested. •0029
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Herd Mortality correlated with the rate of mortality of the herd at the day of entrance of the batch, n days later a batch will have been reduced by death to perhaps 5, 4, 3, 2, 1 or even no survivors, but the average after lifetime could be computed and correlated with the rate of mortality prevailing in the cage at day n, or on any day before the wth. Data were so prepared with reference to the day of entrance, to day 0, and to days 5,10,15, 30, 40 and 50. As will be seen from Table VII even for the later ages the numbers, although they naturally diminish, are not inconsiderable. In Table VIII we have the results of the calculations. In it are shown the correlation between length of after-life from age x and the measure of conditions in the cage immediately before x or, alternately, the general average of conditions before x from the day of entry of the batch. It will be seen that, while all the coefficients are negative in sign they tend to decrease in absolute magnitude and at cage age 40 days are insignificant. A rougher but perhaps more striking way of bringing out the point is shown in Table IX , where we merely contrast the mean after-life times when the prevailing death rates were low (under 0-012) or high (over 0-026).
It will be noticed that the advantage accruing to the entrants or exposees when the relevant rate of mortality was low is considerable until cage age 40 when it disappears. We conclude that exposure to risk of infection, so far as this factor is measured by the prevailing mortality rate, has a steadily decreasing importance as cage age advances. This might have been inferred from the asymptoting of q x , but the decreasing value of r permits a second inference, viz. that the increase of q x from q 0 to a maximum about q x is probably not due or not mainly due to anything occurring at or about that cage age but more probably to what happens very early in cage life.
We think this is an important result and shall discuss some of its possible interpretations, but desire to be on our guard and to put our readers upon their guard against exaggeration. We are only examining the relations noticed in our particular experience, using a particular measure of exposure to risk, we must not extrapolate beyond that experience. Suppose we accept, for argument's sake, as proved, that, in the actual experience of each herd, variations of severity of exposure after a certain period of residence do not affect subsequent mortality at all, that admission does not commit us to the view that, in a herd taken as a going concern, the discontinuous introduction of-say-a batch of heavily infected immigrants would not increase the risk to life of all the members of the herd then older than some assigned age. We have indeed good reason to think that it would greatly increase the risk. All that the work described suggests is that the variations of risk naturally occurring when the government of the community is not changed are of relatively little importance.
We have now reached the point that mortality with age is less and less affected by the environmental conditions as age increases. One obvious biological interpretation would be that all mice become infected within a few days of entrance but it is not the only possible interpretation. Here we reach the most difficult part of our enquiry, viz. the interpretation of the form of the mortality curve. Although our data are relatively extensive and the product of years of observation, they are extensive only relatively to the scale of other published data, not to the complexity of problems offered for solution. Contrasting the Pasteurella with the aertrycke series we are entitled to say that in the former the maximum of q a is reached sooner than in the latter and that when like is compared with like (in respect of the immigration rate) the difference is striking. No other clear-cut distinction is apparent and even here two Pasteurella series, P 3 and P 3N , differ more than the latter does from B s . The exact day of a mode is of course subject to large casual errors. But the biological mechanism of an intestinal infection must differ greatly in physiological detail from that of a respiratory infection so that in practice other factors complicate the matter seriously. Indeed although it is not hard to theorise, and one may have confidence that the true can only be separated from the false by the statistical analysis of herd experimentation, we do not think that we can yet venture to hope for a satisfying interpretation. However, it may not be uninteresting to run through some of the ideas which have occurred to us.
Perhaps the simplest hypothesis to entertain is that the number of deaths occurring in the interval of time from x to x + dx, <j> (x) dx, is a resultant of two functions one giving the probability law of infection, the other that of death after infection, viz. <f> (x) = f(r) F(x -r) dr where/(r) measures the Jo probability that a mouse is infected on the rth day of its sojourn and F (x -r) the probability that if infected it will die on the x -rth day after. If our distribution of life- Table V is an excerpt and averaged into 5-day groups down to the 125th day. He drew a smooth curve, the differences of the ordinates of which from the observational histograms were within the errors of sampling. At cage age 125, 1030 of 10,000 are still alive, about one-tenth of the entrants. Taking for convenience a 2-day unit so that the experience may be regarded as a survivorship We accordingly infer that the required lives from first attack are to be obtained from the d x curve by taking 1 jq times the corresponding ordinate of that curve and subtracting pjq times the preceding ordinate.
We have now to select a value of q and if we wish to argue the hypothesis that the slow downsweep of the curve is due to deferred first attacks, we shall so choose q as to steepen this part of the curve as much as possible without, however, producing impossible (viz. negative) frequencies in the deduced d x ' curve. This end is attained by taking q = 2/7 as the chance of attack in a 2-day interval and therefore 1/6-45 as the chance of attack per day.
Taking 7 times the ordinate of the d x curve and subtracting 5 times the preceding ordinate and dividing by 2, one has the entries of Table A. The d x ' column of this table represents, on the given hypothesis, the dying-out quotas from time of infection, and asserts that the results (measured by death) of a first attack is exhausted in 36 days. In this period 3975 out of 5000 or 79-5 per cent, are dead. The 1025 survivors may now be assumed subject to the same chance law of attack. The second period of 36 days shows in the column 261 deaths; the last value being 13 and that preceding the first value being sensibly zero. Applying the transformation again we shall estimate the deaths in the second period of illness as approximately 261 + 5/2 x 13 -5/2 x 0 = 293-5 or 28-5 per cent, of the exposed to risk, 1025. This result might be interpreted as measuring the advantage of selection or immunisation by previous attack or a combination of the two. But we cannot, of course, put much stress upon so simple an hypothesis. Biologically it is rather too simple to be plausible.
We are assuming a sharp distinction between the "infected" and the "not infected," that probably does not exist. A more credible mental picture of what happens in a herd is the following. An entrant to the herd is exposed to a bombardment of shots of infective material-let us call them quanta of infection-and may receive in a unit of time 0, 1, 2, 3, etc., etc., quanta. We may fairly suppose that (during the period of observation) no animal which fails to receive at least 1 quantum dies at all. The mice which receive in the first unit of time of observation a single quantum will fall into two main classes.
(1) Those whose effective resistance, at the moment when they receive the quantum, is so low that they will die wholly as a result of the infection. Their survival period may be short or long, death may be hastened by a second or subsequent dose, but they are doomed. (2) The other class falls into a number of sub-classes. First there will be animals who simply ignore the dose and are, in the next time unit of exposure, precisely in the position of new animals. Next there will be animals whose resistance is lowered but not to the point of death and who will be more sensitive to a second dose than unscathed animals. Then there will be animals whose resistance is increased. From what we know of immunity processes it is probable that a large number of animals will be in this last group. Such animals, if the interval between the receipt of the first and second quantum be not too short, will be more resistant to the second than similarly constituted animals were to the first quantum. One sees therefore that interval between doses is of importance in a special way. To make the argument clear let us take a simple arithmetical example. Let us suppose that all animals receiving within a time unit interval of exposure more than 1 quantum of infection -are thereby at once destroyed, but that some or all of those not receiving more than 1 quantum per unit of time will survive. Let us assume also that the unit of time selected is sufficiently long to allow an effective immunity to develop as the result of non-fatal infection. If we enumerate the possible orders of receiving, say, 3 quanta in 5 time units, there are 10 possible distributions, viz. (where A denotes the receipt of a quantum):
If we assume that the receipt of a quantum destroys a certain proportion of animals and confers some measure of immunity upon the survivors, the total havoc wrought by the first order may be quite different from that done by the last. The survivors of one dose who receive another in the next unit of time may experience a lower rate of mortality than the group of which they are the survivors, while the survivors who are not again infected until the lapse of a free interval may have lost their acquired immunity. The illustration is a trivial one but suggests at once the nature of the problem. There is no difficulty in proposing some scheme such that, premising a random distribution of 0, 1, 2, . . . r quanta of infections in unit time, death is to follow the receipt of some limiting number of quanta and in comparing the expected with the actual distributions of deaths. If, however, we are to distinguish the order of receipt, in such wise that the receipt of r quanta in one order may produce fewer deaths in the exposed population than the receipt of r quanta in a different order, the mathematical expression of the problem becomes much more arithmetically complex and involves many precarious assumptions. A very simple application of the principle has been tested. The assumptions were:
(1) That the receipt of 2 or more quanta within a unit of time is fatal. (2) That of the survivors of 1 quantum, those who receive another in each successive time unit survive. (3) That the survivors of 1 quantum who do not receive another until after the lapse of one or more free intervals are subject to the same mortality rate as animals receiving a first quantum. It was found that the curve of life-table deaths should then be capable of representation by the difference of two exponentials, which is not true of our own data.
It appears probable that with more assumptions and these less violent but of the same type, we should still have some linear function of a set of exponentials. These might more satisfactorily describe the data, and we hope that our colleague Mr Soper, to whose expert advice we are deeply indebted, will continue the discussion of these and other possible descriptions. At present we do not feel that we have reached any mathematical interpretation of the available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0022172400010421 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 02 Aug 2019 at 20:59:27, subject to the Cambridge Core terms of use, facts sufficiently close to arithmetical reality to justify its detailed description and in what follows we do no more than indicate the prima facie interpretation of the data. If we accept the results described on p. 258 as evidence that a large proportion of a herd become infected very early in herd life, the most probable explanation of the earlier maximum in the Pastevrella, q x curve is that the average period of evolution of the morbid process from fatal infection to death is shorter in a disease of the respiratory than in one of intestinal type. Acceptance of this simple explanation does not commit us to suppose that all infections which will ultimately be fatal occur in the first days of herd life. It would be sufficient if a sensible proportion were so infected. The subsequent decline of the curve and its attainment of a constant level are to be attributed to the combined working of selection and positive immunisation.
In this connection reference may be made to a small experimental epidemic of mouse typhoid, described in an earlier report*, in which daily cultures were made from the faeces of each mouse exposed to risk. The number of mice submitted to the risk of contact infection during this experiment numbered 135. Of these only 13 failed to show evidence of infection, by dying of the disease, by excreting Bad. aertrycke in their faeces, by developing agglutinins acting on that organism, or by yielding cultures from the spleen, when killed and examined at the termination of the experiment; and of these 13 mice, 6 had resided in the cage for less than 14 days. Of the 135 mice, 96 excreted Bad. aertrycke on one or more occasions during their residence in the cage. The number of days elapsing between the date of entry to the cage and the date of first excretion varied between 1 and 50, with a mean value of 12-18. In 77 cases the date of first excretion fell within the first 3 weeks of residence in the cage, and in 64 cases within the first fortnight. The complete records of this experiment show clearly (a) that the majority of the mice were infected within 14 to 21 days of their entry to the cage, and (b) that the course of excretion in different mice varied widely, some excreting persistently during a short period terminating in death, others excreting intermittently over long periods while remaining in apparent health, others again excreting on one or two occasions only during the 115 days of observation. In this particular instance, therefore, the distribution and evolution of infection within the herd was demonstrably of the kind considered above.
Although the naked antithesis of selection and environment is not of much more than debating-society interest, the high, and constant, ultimate rate of mortality in these herds is a result of serious interest. Whether by virtue of selective mortality or of cumulative immunisation, the populations of these herds at later cage ages should, compared with members of a human herd, be in a remarkably favourable position to withstand the infectious diseases to which they are exposed. Yet it is obvious that their resistance-although much greater than that of unsalted animals-is very incomplete. Another way of bringing this out is to consider whether the proportional mortality from the of immunity because variations of environmental conditions, so far as these are measured by the general herd mortality, become less and less influential on the ultimate mortality of the exposed to risk the later the point in time chosen for measurement.
4. Study of the form of the age-mortality curve is still proceeding; at present we cannot offer an adequate mathematical description of it which takes due account of the biological factors requiring attention.
5. Quite provisionally, we attribute the difference in time of the maxima of the q x curves of Pasteurella and aertrycke epidemics to a difference of average interval between infection and death.
